Introduction
Graphene, a new class of two-dimensional carbon nanostructure, has attracted extensive attention from the physics, chemistry, and materials science communities [1] since Geim et al. first isolated single-layer samples from graphite in 2004 [2] . This material holds great promise for potential applications in many technological fields (e.g. nanocomposite, lithium ion batteries, solar cells, etc.) [3] [4] [5] . Recently, this material also attracts great interest in electrochemical sensors and biosensors [6, 7] , owing to its high conductivity at room temperature [8] . However, most unique properties of graphene sheets are only associated with individual sheets. Consequently, the key challenge in the synthesis and processing of bulk-quantity graphene sheets is aggregation deriving from high cohesive van der Waals energy [9] . In order to overcome this problem, functionalization of graphene sheets becomes a major strategy for improving their solubility and self-assembly properties [10] . One approach is based on the interactions of the chemically converted graphene sheets (CCG) with conjugated polymers or aromatic molecules such as polyvinylpyrrolidone [11] , sulfonated polyaniline [12] , and polyelectrolyte [13] . In these cases, the sulfonated conjugated polymers and the decorated aromatic molecules function as anionic dispersants during the reduction of graphene oxide (GO). The conjugated moieties provide strong affinity with the sp 2 domains of CCG sheets via -stacking, while the anionic moieties provide electrostatic repulsion to stabilize the resulting functionalized CCG sheets in aqueous dispersions. The other approach is grafting some molecules (e.g. octadecylamine [10] , aryl diazonium salts [14] , or isocyanate [15] ) on to graphene sheets according to covalent reactions. In our previous works, Yang [16] reported polydisperse CCG that were covalently functionalized with ionic liquid. Meanwhile, many graphene-based nanocomposites have been designed toward applications in electrochemical sensors [6, 17] . The development of a polyelectrolyte-functionalized ionic liquid (PFIL) has been previously reported by covalent attachment of an ionic liquid unit onto polyethylenimine (PEI) [18] . PFIL has already been used as a film to enhance the electrochemical response (e.g. good electrochemical properties of PFIL-modified electrode 0039-9140/$ -see front matter © 2011 Elsevier B.V. All rights reserved. doi:10.1016/j.talanta.2011.07.056 in a supporting electrolyte-free solution [19] , good electrocatalytical activity toward the reduction of hydrogen peroxide [20] , etc.).
Among multifarious biosensors, hydrogen peroxide (H 2 O 2 ) as an important intermediate species or product has been exhibited in many biological and environmental processes. The detection of H 2 O 2 plays a significant role in many fields including clinic, food, pharmaceutical and environmental analysis [21] . Hitherto, a variety of quantitative methods have already been developed for the detection of H 2 O 2 . The most commonly used approaches are spectrometry [22] , chemiluminescence [23] , and electrochemistry [24] . Surface plasmon resonance (SPR) spectroscopy is a versatile tool to probe refractive index changes occurring on thin metal films as a result of recognition events or chemical reactions [25] . However, very few H 2 O 2 sensors are fabricated on the basis of SPR spectroscopy [26] . Because of minute and nonspecific changes in refractive index, it is often difficult to directly detect molecules with low molecular weights in practical SPR sensing applications [27] .
In this work, a novel PFIL functionalized graphene sheets (PFIL-GS) nanocomposite was synthesized, and it could form a very stable aqueous dispersion. As known to all, Prussian blue (PB) can reduce H 2 O 2 at a very rapid catalytic rate with a low overpotential [28] , and layer-by-layer (LBL) assembly is widely used as a powerful and versatile method for the preparation of ultrathin multilayer films [29] . Thus, the use of PFIL-GS and PB nanoparticles (PB NPs) as building blocks for constructing 3D nanocomposite films was achieved via LBL assembly method. Based on the high conductivity of GS and the excellent electrocatalytical activity toward H 2 O 2 of PB, the as-prepared composite films were used as substrates of EC-SPR spectroscopy toward H 2 O 2 detection. Upon injecting H 2 O 2 into the reaction cell, optical SPR signals and electrochemical current responses are simultaneously monitored in real time, and the analytical performances have been discussed. This simultaneous detection method can provide dual information to improve the reliability of the test results.
Experimental

Reagents
Graphite powder (spectral requirement) was purchased from Shanghai Chemicals. Hydrazine solution (50% in water) and potassium chloride (KCl, ≥96.0%) were obtained from Beijing Yili Chemicals. Ammonia solution (25% in water), potassium ferricyanide (K 3 Fe(CN) 6 , ≥99.5%) and hydrogen peroxide (H 2 O 2 , ≥30%) were obtained from Beijing Chemicals. Ferrous chloride (FeCl 2 ·4H 2 O, ≥99.5%) was purchased from Yueqiao Chemicals. 3-Mercaptopropionic acid (99%) was purchased from Alfa Aesar. Ascorbic acid (AA) was purchased from Fluka. Dopamine hydrochloride (DA) and uric acid (UA) were obtained from sigma. Cysteine (Cys) and glutathione (GSH) were purchased from China Huishi Biochemicals. All chemicals were of analytical grade and used as received. All aqueous solutions were prepared with ultrapure water (>18 M cm) obtained from Millipore system.
Instrumentation
Ultraviolet-visible (UV-vis) absorption spectra were recorded using a CARY 500 Scan UV/vis/NIR spectrophotometer. Fourier transform infrared spectra (FTIR) were recorded on a Bruker Vertex 70 spectrometer (4 cm −1 ). Raman spectra were collected using a Renishaw 2000 system (Renishaw Ltd., U.K.) with an argon ion laser (514.5 nm) and a charge-coupled-device detector. Zeta potential was recorded on a Malvern Nano-ZS Instrument. Scanning electron microscopy (SEM) images were obtained from an XL30 ESEM FEG scanning electron microscope operating at 20 kV. Transmission electron microscopy (TEM) image was obtained using a Hitachi H600 transmission electron microscope operating at 100 kV.
SPR measurements and EC-SPR measurements were performed using an EC-SPR spectrometer (DyneChem, China). As shown in Scheme 1, the setup of the electrochemical SPR cell was designed specially to drive SPR and electrochemistry "in situ". The method used for surface plasmon detection was attenuated total reflectance (ATR) spectroscopy. Surface plasmon spectroscopic data were collected using Kretschmann optical configuration. The glass slide with the evaporated gold on the opposite side was pressed on a ZK 7 cylindrical glass prism via an index matching liquid. The gold surface of the slide was covered with silicone rubber sheet with a hole for the electrolyte contact. A 5 mW diode laser ( = 670 nm) was focused through a prism (ZK 7 ) onto the film, and the reflected beam was detected by a bi-cell photodiode instead of the widely used linear diode array or charge coupled device (CCD). In these EC-SPR measurements, the gold substrate that carried the optical surface mode was simultaneously used as the working electrode in electrochemical experiments. The electrochemical experiments were provided with a platinum wire auxiliary electrode and a KCl saturated Ag|AgCl reference electrode in an integrated electrochemical analyser (DyneChem, China).
Preparation of GO and GS
GO was synthesized from natural graphite powder following a method reported by Kovtyukhova et al. [30] with slight modifications. GS was synthesized via the method presented by Li et al. [31] . Briefly, 10 mL of GO homogeneous dispersion (in water, 0.05 wt%) was mixed with 10 mL of water, 80 L of ammonia solution and 7 L of hydrazine solution in a 50 mL glass vial. The resulting mixture was held at 95 • C for 1 h under vigorous agitation, and then the GS solution was obtained.
Synthesis of PFIL and PFIL-GS
PFIL was prepared following our previous report [18] , and the molecular structure was illustrated in Scheme S1. 40 mg of PFIL was added to 20 mL of the GO dispersion, and then stirred at 50 • C overnight. After cooled to room temperature, ammonia solution was added to the reaction solution to increase the pH value around 10, then 14 L of hydrazine solution was added. After being stirred for a few minutes, the GO was reduced to GS by putting the mixture in an oil path (∼95 • C) for about 1 h, and then a homogeneous black dispersion was obtained. The dispersion was filtered through a nylon membrane (0.22 m pore size) and was repeatedly washed with water, then redispersed in the water to obtain PFIL-GS aqueous dispersion.
Synthesis of PB NPs
PB NPs were synthesized according to DeLongcham's method [20, 32] . Briefly, 35 mL of 0.01 M FeCl 2 aqueous solution was added dropwise to a 35 mL of 0.05 M K 3 Fe(CN) 6 solution containing 0.05 M KCl. The dialysis process was used to remove the large excess of K 3 Fe(CN) 6 and KCl. In order to obtain a stable dispersion, the dialysis procedure was carried out at least 5 days.
Preparation of LBL films
The quartz substrates were boiled for 30 min in a freshly made Piranha solution (H 2 SO 4 /H 2 O 2 , v/v, 3/1), following by ultrasonic cleaning for 3 times with distilled water. After treatments, quartz substrates were rich in negative charges. Before use, the gold chips were immersed in 10 mM 3-mercaptopropionic acid ethanol solution overnight. Quartz substrates and gold chips were firstly immersed into PFIL-GS aqueous solution for 30 min to form a positively charged surface, then washed three times with distilled water. The slides were then exposed to the negatively charged PB NPs aqueous solution for 30 min, and washed three times with distilled water. This cycle made one bilayer of PFIL-GS and PB, denoted as (PFIL-GS/PB). The cycle was repeated to obtain the desired number of bilayers.
Results and discussion
Spectral characterization of the PFIL-GS
The preparation procedure of PFIL-GS is illustrated in Scheme 2. The PFIL was coupled on graphene sheets through not only the electrostatic interactions between the positively charged imidazole ring of PFIL and the negatively charged carboxylic acid groups on graphene sheets [31] , but also the weakinteractions between the imidazole ring of PFIL and the aromatic rings of graphene sheets.
UV-vis absorption, FTIR, and Raman spectra were used to illustrate the structure changes of graphene sheets before and after reduction. The absorption in the UV spectra of GO, GS, and PFIL-GS are 230 nm, 266 nm and 266 nm, respectively (as shown in Fig. 1 ), which means that the electronic conjugation within the graphene sheets is restored upon reduction [31] . The inset photograph shows that the color of the solution turns from pale brown to black, further confirming the reduction process. The UV-vis results are corroborated by the FTIR results, as shown in Fig. 2 . For the GO film, the C O peak in the carboxylic acid and carbonyl moieties is at 1728 cm −1 . The peak at 1588 cm −1 can be assigned to the vibrations of the residual water, but may also contain components from skeletal vibrations of unoxidized graphitic domains [15] . After the reduction with hydrazine, the FTIR spectra of GS is essentially featureless except the C C conjugation and C-C bands at 1535 cm −1 and 1190 cm −1 , respectively. Two characteristic peaks at 1652 cm −1 and 1446 cm −1 assign to the vibrations of amide I and amide II in the spectrum of PFIL, which are consistent with the previous report [18] . As seen from the PFIL-GS spectra, the amide I and amide II vibrations are still observed, indicating the presence of PFIL component. However, the absorption peaks shift to 1657 cm −1 and 1449 cm −1 , which might be attributed to thestacking between PFIL and GS. And the peak at 1572 cm −1 is attributed to the stretching of C C bonds of GS restored upon hydrazine reduction [33] . The peak at 1728 cm −1 disappears, which demonstrate that GO is triumphantly reduced to GS. Further evidence for the formation of PFIL-GS composite can be provided by Raman analysis (see Fig. S1 in the supporting information). The Raman spectrum of GO shows two broad peaks at 1353 and 1603 cm −1 , which corresponding to the D-and G-bands of graphene individually. After GO is chemically reduced to GS, the D-band and G-band peaks become narrower and G-band shifts to 1601 cm −1 , with an increase in the D/G intensity ratio compared to that observed in GO. The increase of the D/G intensity ratio suggests that the average size of the sp 2 domains is decreased upon reduction of the GO sheets [34] . The zeta potential of PFIL-GS is +39.8 mV, which means that the PFIL-GS are positively charged. As a result, the PFIL-GS could be stably dispersed in water for more than 3 months due to the electrostatic repulsion.
Characterization of PB nanoparticles
The stable blue PB dispersion was produced, which was characterized by UV-vis absorption spectroscopy and TEM (see Fig. S2 in the supporting information). A broad absorption peak is clearly observed at 688 nm ascribing to the intervalence charge transfer band of PB NPs [20] . TEM image of the resulting PB particles shows spherical nanostructure with ca. 35 nm diameters and a relatively narrow size distribution.
LBL assembly of (PFIL-GS/PB) n
The assembly procedure of PFIL-GS and PB NPs is shown in Scheme 1. A (PFIL-GS/PB) n multilayer film could be formed with strong electrostatic interactions between positively charged PFIL-GS and negatively charged PB NPs. UV-vis spectroscopy has proved to be a useful and facile technique to evaluate the growth process of a multilayer film and was used in the present work to monitor the LBL assembly process of (PFIL-GS/PB) n multilayer film. Fig. 3 shows the UV-vis absorption spectra of the (PFIL-GS/PB) n multilayer film with different bilayer numbers. The PFIL-GS multilayer films show a broad absorption around 280 nm, which is the characteristic adsorption of the assembled graphene. The PB NPs in the multilayer films express an absorption peak at 673 nm which is originated from the charge transfer between Fe 3+ and Fe 2+ . The broad adsorption of PFIL-GS in the 280 nm region and characteristic absorption of PB NPs at 673 nm can be utilized to determine the assembled materials in a given bilayer. The clear increase in the absorbance with the assembly step is indicative of the film deposition on the quartz substrate. In addition, the peak absorbance at 280 nm and 673 nm are increased linearly with the number of deposited PFIL-GS/PB bilayers with a correlation coefficient of 0.999, indicating the uniform growth of the multilayer films. Fig. 3 . UV-vis spectra of the deposited (PFIL-GS/PB)n multilayers (n = 2, 4, 6, 8, and 10). Inset: a plot of absorbance at 280 nm and 673 nm vs. bilayer number. SPR spectroscopy has been shown to be a technique of high sensitivity for characterizing ultrathin films at the nanometer thickness scale [35] . In SPR sensor, a surface plasmon is excited at the interface between a metal film and a dielectric medium, the refractive index changes are to be measured. It is known that the SPR dip shifts should be approximately proportional to the changes of refractive index of the solution [36] . Kolomenskii [37] revealed that minute changes in the refractive index of a medium close to the surface of a metal film could be detected owing to a shift in the resonance angle. Kano and Kawata [38] demonstrated that absorption in the sample medium also strongly influences the peak height at the minimum and can even be determined in this way. Therefore, SPR spectroscopy was also employed in the present work to characterize the assembly process of the (PFIL-GS/PB) n multilayer films to confirm the uniformity of the LBL films. Fig. 4 shows the SPR curves of the LBL films with different bilayer numbers, and the inset presents the linear relationship between the response signal (i.e., the Â SPR (the resonance angle) and the photocurrent response units) and the number of deposited PFIL-GS/PB bilayers. Generally, the Â SPR and the photocurrent response units are correlated with the refractive index of the medium close to the surface of the gold film. In our experiments, the two responses in fact derived from the deposited PFIL-GS and PB NPs. Additionally, this well-defined linear response indicates that the same amount of PFIL-GS and PB NPs were deposited in each cycle, which is consistent with the abovedescribed UV-vis results, thereby leading to a uniform assembly multilayer film.
Scanning electron microscopy (SEM) was also applied to visually inspect the assembly process and confirm the layered structure of the composite. The SEM images were obtained directly on the SPR gold slide without sputter-coated with gold. As shown in Fig. S3 (in the supporting information), it was clear that the amount of irregular graphene sheets which assembled on the gold slide increased with number of the deposited PFIL-GS/PB bilayers increasing. As shown in the expansion image, the PB NPs kept dispersed and absorbed on both the graphene sheets and the gold slide. for constructing a H 2 O 2 electrochemical sensor. The (PFIL-GS/PB) n multilayer film exhibited high electrocatalytic activity toward reduction of H 2 O 2 . The Fig. S4 (in the supporting information) compared the electrocatalytic reduction toward H 2 O 2 at bare, PB, PFIL-GS, and PFIL-GS/PB modified Au electrodes, respectively. An obvious reduction current at PFIL-GS/PB modified Au electrode clearly indicated that PFIL-GS/PB film had much better electrocatalytical activity toward reduction of H 2 O 2 than other cases.
Electrochemical properties of (PFIL-GS/PB) n multilayer film
Generally, the surface plasmon optical technique is a powerful tool for characterizing surfaces, interfaces, and thin films. However, it is difficult to detect small molecules with the SPR method owing to the unobvious change in the refractive index. In our system, when SPR is combined with electrochemical technique in situ, H 2 O 2 could be indirectly detected via SPR method according to the oxidation state change of PB in the (PFIL-GS/PB) n multilayer film. Thus, the electrochemical and optical signals could be simultaneously obtained from the composite LBL electrode upon the addition of H 2 O 2 because the electroactivity property of the PFIL-GS/PB film enhanced signaling.
PB has been found to be a good electrocatalyst for the electroreduction of H 2 O 2 , the cathodic current increases remarkably upon the addition of H 2 O 2 at the potential of −0.1 V. A typical current-time (i-t) technique is applied for H 2 O 2 sensing. As shown in Fig. 5A , electric quantity, which is obtained by integrating current with time, increases linearly with different concentration of H 2 O 2 in a range of 5-60 M. The fitted linear equation was y = 11.5 − 7.17x (R = 0.993), where y and x stand for the electric 
Firstly, the PB is reduced to Prussian white (PW) accompanying with the doping of K + (Eq. (1)) at the potential of −0.1 V, which caused the SPR angle increased. When inject a certain concentration H 2 O 2 into the reaction cell, PW can catalyze the reduction reaction of H 2 O 2 (Eq. (2)), and the K + liberate the multilayer film at the same time. As the injected concentration of H 2 O 2 varies, so does the quantity of K + in the assembly multilayer film. The refractive index of the surface modified multilayer film would change with the doping of K + , associating with the SPR signal changes. As shown in Fig. 5B , the Â SPR is proportional to the different concen- It is well known that dopamine (DA), ascorbic acid (AA), uric acid (UA), Cysteine (Cys), and Glutathione (GSH) often coexist with H 2 O 2 in the biological matrix. The typical current-time (i-t) curve was done within a home-made electrochemical reaction cell to evaulated the interferents effect. As shown in Fig. S5 (in the supporting information), it was obvious that the current increased upon the injection of H 2 O 2 . And no significant interference could be observed for matters, such as DA, AA, UA, Cys and GSH, at concentrations 5 times that of H 2 O 2 at 20 M, indicating these matters coexsiting in the sample matrix did not affect the determination of H 2 O 2 . These results indicated this method was reliable.
The rain water was used for the real sample analysis. The sample without adding H 2 O 2 did not show any detectable signal. The recovery was evaluated by comparing the analytic signals of H 2 O 2 obtained from the spiked rain water sample with those of the same concentration standard solution ( Table 1 ). The recovery of the spiked samples ranged between 96.2% and 104.1%. And the electrochemical and SPR detection signal were well in accord with each other.
Conclusions
In summary, the PFIL-GS composite was synthesized by coupling PFIL through electrostatic andinteractions. The introduction of PFIL on the surface of graphene sheets not only produced dispersed CCG, but also provided the building blocks for LBL selfassembly. The (PFIL-GS/PB) n multilayer films were successfully fabricated by alternately depositing PFIL-GS and PB NPs through electrostatic interactions, and used as substrates of EC-SPR spectroscopy. Upon injecting H 2 O 2 into the reaction cell, optical SPR signals and electrochemical current responses were simultaneously monitored in real time. This simultaneous detection method can provide dual information to improve the reliability of the test results, which may offer a new outlook of sensor preparations. Additionally, this study provides a possibility for analyzing the biocatalytic process and amplifying the detection signal of small molecules by SPR spectroscopy.
